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Abstract
We sought to characterize the population pharmacokinetic/pharmacodynamic 
(PK/PD) relationship of bococizumab (RN316/PF- 04950615), a humanized 
IgG2Δa monoclonal antibody that binds to secreted human proprotein convertase 
subtilisin kexin type 9 (PCSK9), using data derived from 16 phase I, II, and III 
clinical studies (36,066 bococizumab observations, 46,790 low- density lipopro-
tein cholesterol [LDL- C] measurements, 3499 participants). A two- compartment 
 disposition model with parallel linear and Michaelis– Menten elimination and an 
indirect response model was used to characterize the population PK and LDL- C 
response of bococizumab. Potential model parameters and covariate relationships 
were explored, and visual predictive checks were used for model assessment and 
validation. Key covariates included the effect of anti- drug antibodies (ADAs) on 
exposure through impact on clearance and bioavailability; impact of statins on 
bococizumab elimination (maximal rate of metabolism); and impact of statins, 
Asian race, and male sex on LDL- C efficacy (maximum effect). ADAs and neu-
tralizing ADAs did not have additional effects on LDL- C beyond the influence on 
bococizumab exposure. In conclusion, the population PK/PD model adequately 
describes bococizumab concentration and LDL- C efficacy. The covariate effects 
are consistent with the presumed mechanism of action of PCSK9 inhibitors. With 
increasing availability of antibody- based therapeutics, improved understanding 
of the effect of ADAs and statins on bococizumab PK/PD adds to the literature 
and enhances our pharmacological understanding of how immunogenicity and 
concomitant medications may impact the PK/PD of biotherapeutics.
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INTRODUCTION

Bococizumab is a humanized IgG2Δa monoclonal anti-
body (mAb) that binds to secreted human proprotein con-
vertase subtilisin kexin type 9 (PCSK9) with high affinity, 
effectively preventing it from binding to low- density lipo-
protein receptors (LDL- Rs).1 LDL- Rs are largely responsi-
ble for the clearance of low- density lipoprotein cholesterol 
(LDL- C),2 and when PCSK9 binds to LDL- R it promotes 
degradation of the receptor.3 By antagonizing PCSK9, 
anti- PCSK9 mAbs increase expression of LDL- R, leading 
to increased LDL- C clearance and reduced concentration 
of LDL- C in circulation.4,5 Circulating PCSK9 concentra-
tions appear to be positively correlated with atherogenic 
lipoproteins,6 and there is also evidence to suggest that 
PCSK9 accelerates atherosclerosis and coronary artery 
disease by several mechanisms that are independent of 
elevated liver LDL- R degradation.7– 9 Thus, PCSK9 plays a 
central role in the physiology of LDL- C processing,4,5 and 
since 2017 anti- PCSK9 mAbs have become a key addition 
to the pharmaceutical management of LDL- C and athero-
sclerotic cardiovascular risk.10

The safety, efficacy, and pharmacokinetics (PK) 
of bococizumab were evaluated as part of a clinical 

development program,11– 20 but global development was 
discontinued in November 2016 as a result of the emerg-
ing profile observed from the Studies of PCSK9 Inhi-
bition and the Reduction of vascular Events (SPIRE) 
phase III lipid- lowering program.15,19,21 The SPIRE pro-
gram reported an unanticipated attenuation of LDL- C 
lowering over time, alongside a higher incidence of anti- 
drug antibodies (ADAs), and a higher rate of injection- 
site reactions compared with other agents in this drug 
class.15 More specifically, 48% of participants in the 
SPIRE lipid- lowering studies had detectable ADAs to 
bococizumab and 29% also developed neutralizing an-
tibodies (NAbs).15 The SPIRE studies also showed a 
titer- dependent decrease in bococizumab exposure and 
attenuation in PCSK9 response and LDL- C lowering. 
In addition, in participants whose maximum ADA titer 
was in the highest 10th percentile, LDL- C response was 
close to that of placebo participants, whereas partici-
pants whose titers were in the lowest two- thirds of max-
imum titer (<1:1176) had an LDL- C response similar to 
that of participants who were ADA negative.15 Similar 
conclusions were reached when bococizumab exposure, 
PCSK9 response, and LDL- C data were analyzed by NAb 
titer. A high incidence of ADAs has not been reported 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Population pharmacokinetic/pharmacodynamic (PK/PD) modeling is commonly 
used to describe the PK/PD relationship of investigational drugs, including mon-
oclonal antibodies (mAbs). As with all biologics, there is potential for immuno-
genicity to impact PK, PD, efficacy, and/or safety of a mAb.

WHAT QUESTION DID THIS STUDY ADDRESS?
We characterized the PK/PD relationship of an anti- PCSK9 mAb, bococizumab, 
and estimated the impact of intrinsic and extrinsic covariates, including anti- drug 
antibodies (ADAs), on bococizumab PK/PD relationship.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
A two- compartment model with parallel linear and nonlinear Michaelis– Menten 
elimination and an indirect response model adequately described the observed 
bococizumab concentration data and LDL- C reduction. While the impact of 
ADAs and neutralizing antibodies on PK/PD was explored, increased bococi-
zumab clearance due to ADAs was identified as the factor impacting observed 
changes in bococizumab concentrations and LDL- C response over time. Statin 
therapy increased bococizumab elimination and LDL- C efficacy.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
With increasing availability of antibody- based therapeutics, understanding the 
effect of ADAs and statins on the PK/PD of bococizumab provides important 
information on how immunogenicity and concomitant medication can be in-
corporated in PK/PD analysis to enhance the understanding of the influence of 
immunogenicity and other covariates on the PK/PD of biotherapeutics.
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for the two approved PSCK9 inhibitors –  alirocumab 
and evolocumab –  currently used in clinical practice 
to reduce the risk of cardiovascular events and/or as 
an adjunct to diet and other lipid- lowering therapies in 
patients with hyperlipidemia, including heterozygous 
familial hypercholesterolemia,22,23 although patients 
who developed ADAs to alirocumab have a higher rate 
of injection- site reactions than patients who were ADA 
negative (10.2% vs. 5.9%).22

The clinical impact of ADAs and/or NAbs on boco-
cizumab PK, pharmacodynamics (PD), and efficacy is 
not unique: all biologics have the potential to be im-
munogenic, particularly with repeated dosing, and al-
though humanization reduces the risk of an immune 
response, the potential for immunogenicity still exists 
for both humanized and fully human antibodies.24– 27 
Indeed, the development of ADAs to adalimumab, a 
fully human antitumor necrosis factor (TNF) mAb, is 
well- reported.28,29 For example, Bartelds et al. reported 
a decreased serum concentration and reduced efficacy 
for adalimumab in a long- term follow- up study of 272 
patients with rheumatoid arthritis.30 Similar impact of 
ADAs on the efficacy and serum concentration of adali-
mumab has been reported for patients treated with this 
anti- TNF mAb for inflammatory bowel disease31 and 
for psoriasis.32 In a review by Wang et al., the authors 
report that of the 121 approved biologic products, 89% 
(n = 108) reported ADA incidence, whereas only 49% 
(n = 59) included information on whether or not im-
munogenicity had an impact on efficacy and an even 
smaller percentage (26%; n = 31) included information 
on the PK of the biologic product.27 This highlights a 
real gap in the literature when reporting the impact of 
immunogenicity on PK and ultimately the efficacy re-
sponse to biotherapeutics.

The objective of the present analysis was to character-
ize the population PK of bococizumab and the relation-
ship between bococizumab concentration and LDL- C 
response, and to estimate the impact of intrinsic (e.g., age, 
sex, body weight, race, etc.) and extrinsic covariates (e.g., 
ADAs and statin therapy) on bococizumab PK and PK/
PD relationship using data from completed bococizumab 
clinical studies.

METHODS

Population PK/PD database

A PK/PD database was built using data derived from 16 
studies, either phase I (NCT00991159; NCT01163851 
NCT01435382; NCT01243151; NCT02043301; and 
NCT02458209),13,16,17 phase II (NCT01342211; 

NCT01350141; NCT01592240; and NCT02055976),11,12,18 
or phase III bococizumab clinical studies (NCT01968954; 
NCT01968967; NCT01968980; NCT02100514; NCT0213 
5029; and NCT02458287),14,15,33 following either single 
or multiple dose (weekly, every- 2- week [q2w], or every- 
4- week [q4w] schedules), via intravenous (i.v.) or sub-
cutaneous (s.c.) administration, and of various weight 
proportional (0.25 to 18 mg/kg i.v.) or flat (50– 300 mg 
s.c.) bococizumab doses. Dense PK/PD samples were col-
lected from six phase I, and three phase II studies,12,13,16– 18 
whereas sparse PK/PD samples were collected from one 
phase IIb and six phase III studies (mostly trough sam-
ples).11,14,15,33 Immunogenicity assessments were done 
regularly in phase II and III studies. Primary observations 
from these clinical studies have been presented in full 
elsewhere.11– 18

All studies included in this pooled analysis were con-
ducted in compliance with ethical standards outlined by 
the Declaration of Helsinki. All protocol documents were 
reviewed and approved by the relevant institutional re-
view board or independent ethics committee. All partic-
ipants provided written, informed consent. Full detail is 
given in the primary publications.11– 18

Data captured included subject identification (unique 
study ID and study number), demographic characteris-
tics (age, sex, body weight, body mass index [BMI], sex, 
and race), laboratory values (baseline LDL- C level and 
calculated creatinine clearance), concomitant statin med-
ication (e.g., atorvastatin, simvastatin, and rosuvastatin), 
observed bococizumab and postdose LDL- C concentra-
tions, and dosing information (route, date and time of 
each planned dose, and actual dose received). In addition, 
fractions of the PK measurements below the lower limit 
of quantification (<LLOQ) were flagged. ADAs and NAbs 
were measured, and the dataset contained both time- 
independent (same for all times for each patient: missing 
or yes/no) and time- dependent characterization of these 
assessments. To create time- dependent ADA variables, 
available ADA measurements were linearly (in time) in-
terpolated between the observed titer values.

Total bococizumab concentration, total PCSK9 concen-
tration, ADA, and NAb were measured using validated as-
says (described in full elsewhere15).

Software

The population PK/PD analyses were conducted via non-
linear mixed- effects modeling with NONMEM software, 
version 7.4.1 (ICON Development Solutions). Graphical 
and all other statistical analyses, including evaluation 
of NONMEM outputs, were performed using R ver-
sion 3.3.3 for Windows (R project, http://www.r- proje 

http://www.r-project.org/
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ct.org/). The first- order conditional estimation with IN-
TERACTION option method in NONMEM was used for 
all model runs.

Base model development approach

Structural PK/PD model development was driven by data 
and based on goodness- of- fit indicators, including visual 
inspection of diagnostic plots, plausibility and precision 
of the parameter estimates, minimum objective function 
value, and number of estimated parameters. Potential 
covariate– parameter relationships were selected based 
on exploratory graphics and mechanistic considerations, 
added simultaneously to the full model. The final base and 
covariate models were evaluated by constructing a series 
of graphical evaluation plots and visual predictive checks 
(VPCs).

Population PK/PD model development

Based on previous modeling efforts,34,35 a two- 
compartment disposition model with parallel nonspecific 
(linear) and target- mediated (Michaelis– Menten [MM]) 
elimination and first- order s.c. absorption was used to 
describe bococizumab PK following i.v. and s.c. adminis-
tration. In addition, the effect of bococizumab on LDL- C 
reduction was defined by an indirect response model.36 
As the current dataset includes multiple large phase III 
studies,14,15 several additional PK/PD models were ex-
plored which included quasi- steady- state approximation 
of target- mediated drug disposition, MM disposition with 
indirect LDL- C response (inhibition of LDL- C production 
or stimulation of LDL- C elimination), and a mechanisti-
cally consistent interaction model including LDL- R stim-
ulation. In addition, the effects of ADAs on bococizumab 
PK/PD were explored.

Interindividual variability in the PK parameters (i.e., 
clearance [CL] and central compartment volume of distri-
bution [Vc]) were modeled using multiplicative exponen-
tial random effects of the form, according to Equation 1:

where θ is the typical population mean value of the param-
eter (e.g., CL, Vc, or peripheral compartment volume of dis-
tribution [Vp]) and ηi denotes the interindividual random 
effect accounting for the ith individual's deviation from the 
typical value having zero mean and variance (ω2). The ap-
proximate percent coefficient of variation (%CV) was calcu-
lated according to Equation 2:

A proportional error model or combined (addi-
tive + proportional) error model was considered for resid-
ual variability. Other residual error models were explored 
if heterogeneity was observed in the conditional weighted 
residual (CWRES) versus predicted (PRED) or individual 
weighted residual (IWRES) versus individual predicted 
(IPRED) plots.

Covariate model development

The base model was fitted to the dataset. Initial covari-
ate screening was conducted graphically using Empirical 
Bayes prediction of the inter- individual random effect 
plots of normalized covariate values. For covariates that 
are highly correlated (e.g., body weight, body surface area, 
and BMI), body weight was preferred unless the reduc-
tion in objective function or parameter variability was 
substantially greater for another covariate. A full model 
approach was used to test inclusion of intrinsic covariates, 
including age, sex, body weight, race, statin, other lipid- 
lowering therapy, and estimated glomerular filtration rate 
on absorption rate constant, s.c. bioavailability, CL and 
volume parameters, maximum nonlinear elimination rate 
(Vmax), and maximum effect (Emax). These covariates were 
selected as they impart some physiologic, pharmacologic, 
or mechanistic relevance in the model. In addition to the 
covariates identified above, additional PD covariates were 
explored; these included the expected effects of statins 
on Emax and of baseline LDL- C on half maximal effective 
concentration (EC50), which are expected for anti- PCSK9 
mAbs.

The respective impact of ADAs and NAbs on PK and 
PD (efficacy) of bococizumab were also assessed. The 
initial focus was the impact of ADA on clearance mecha-
nism, although the inclusion of NAb on efficacy was also 
explored to assess further improvement in model fit in the 
event that ADA titer alone as an elimination function did 
not adequately describe the observed loss in LDL- C re-
sponse durability. Relevance of the impact was confirmed 
by the 95% confidence interval (CI) constructed for the 
ADA clearance parameter(s) excluding the null value.

Full model development

In general, continuous covariates were normalized on 
a typical reference value and then included in the full 
model using a power function, as described below. For 
instance, the change in physiologic parameters, as a 
function of body weight, is both theoretically37 and em-
pirically described by an allometric model, according to 
Equation 3:

(1)�i = � ∙ e�i

(2)%CV =
√

�2 × 100%

http://www.r-project.org/
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where TVP is the typical value of a model parameter; 
WTi is the individual body weight; WTref is the reference 
body weight; θTVP is an estimated parameter describing 
the typical PK parameter value for an individual with 
weight equal to the reference weight; θallo is a fixed al-
lometric power parameter, which is assigned an initial 
value of 0.75 for physiologic processes, such as CL, and 
an initial value of 1 for anatomic volumes. If attempts 
at estimation are unsuccessful or if the resultant CIs 
around the estimates include 0.75 and 1 (for CL and 
volume, respectively), the model may be simplified by 
fixing those values in subsequent steps.

Categorical covariates were tested using a power 
model, as described by Equation 4:

where TVP is the typical population mean value of the PK 
parameter with covariate value COVi, Ppop represents the 
population central tendency for the PK parameter TVP, and 
θ represents a NONMEM estimated direct proportionality 
constant conditional on the population of participants with 
covariate value COVi = 1.

Final model development and validation

Once the full model was developed, a clinically relevant 
parsimonious model was determined through bootstrap 
analysis, which generated 95% CIs for all parameters es-
timated in the final model. Any CIs for covariate model 
parameters enclosing the null value justified the covari-
ate being excluded from the final model. Diagnostic plots 
to assess goodness- of- fit were generated and included, 
but were not limited to PRED versus observed concen-
trations (DV), IPRED versus DV, and residual (CWRES 
and IWRES) plots versus time stratified by dose.

The adequacy of the base and final covariate models 
(PK and PK/PD) were investigated with a VPC method. 
Monte Carlo simulations were used to generate 1000 
datasets based on the 16 bococizumab studies. The orig-
inal dataset was compared with the 10th, 50th, and 90th 
percentiles of the simulated data, stratified by dose, study, 
and route of administration (s.c. or i.v.). The VPC eval-
uation focused on the 52- week phase III studies, which 
were of similar design.14,15,33 In addition, as immunoge-
nicity is known to impact both the PK and PD of boco-
cizumab, VPCs were stratified for participants who were 
ADA- negative, ADA- positive participants whose titer was 
in the lowest and second lowest tertile, top third tertile, 

and ADA- positive participants with titer in the top 10%, 
again using data from the 52- week phase III studies.14,15

RESULTS

Summary of dataset

The final PK dataset contained 36,066 bococizumab ob-
servations, and 46,790 LDL- C measurements, from 3499 
participants, from 16 clinical studies. Covariate charac-
teristics of the dataset are summarized in Table S1. Mean 
age was 57.3 years, mean body weight 85.8 kg, and mean 
BMI 30.1 kg/m2. Baseline LDL- C was (mean ± standard 
deviation) 125 ± 35.7 mg/dL, and ranged between 28 and 
374 mg/dL, encompassing participants with and without 
 familial hypercholesterolemia. The majority of partici-
pants received bococizumab via an s.c. route of admin-
istration (93.5%), and 39.3% participants had detectable 
ADAs (at any time during the study). The majority of par-
ticipants (76.7%) were on concomitant statin therapy.

Base population PK/PD model

A two- compartment PK disposition model with lin-
ear and nonlinear elimination and first- order absorp-
tion best described the observed bococizumab PK data 
according to Equations  5– 7 (Figure  1). The observed 
LDL- C response was best described by an indirect re-
sponse model with LDL- C elimination described by the 
sigmoid function of bococizumab concentration accord-
ing to Equation 8:

(3)TVP = �TVP ∙

(

WTi
WTref

)�allo

(4)TVP = Ppop ∙ �
COVi

F I G U R E  1  Schematic diagram of the population PK/PD 
model structure. EC50, half maximal effective concentration; Emax, 
maximum effect; IV, intravenous; LDL- C, low- density lipoprotein 
cholesterol; mAb, monoclonal antibody; PD, pharmacodynamic; 
PK, pharmacokinetic. All PK/PD parameters are defined within the 
Methods section.
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where A1, A2, and A3 are the bococizumab amounts in the 
depot, central, and peripheral compartments, respectively; 
ka (1/day) is the s.c. absorption rate constant; kel (1/day) 
is the elimination rate constant; k12 and k21 are the distri-
bution rate constants; Vmax (μg/mL/day) is the maximum 
nonlinear elimination rate; KM (μg/mL) is the concentration 
associated with 50% of Vmax; t is time; the model was param-
eterized in terms of clearance (CL, L/day), central volume 
(VC, L), peripheral volume (VP, L), and intercompartment 
clearance (Q, L/day) as follows: kel = CL/VC; k12 = Q/VC; 
k21 = Q/VP; ksyn is the zero- order production rate of LDL- C; 
kdeg is the first- order elimination rate of LDL- C; H(C) is the 
function affecting kdeg; Emax and EC50 are the maximum ef-
fect and bococizumab concentration associated with 50% of 
Emax; and γ = parameter that controls the shape of the effect 
curve.

Final population PK/PD model

A parallel linear and MM elimination model was devel-
oped, with first- order absorption which was deemed to 
adequately describe the PK data following i.v. and s.c. 
dose administration of bococizumab into the central and 
s.c. dose compartments, respectively. Covariate model 
development was carried out over several iterations. The 
final model, based upon the base model outlined above, 
is described by Equations  9– 24. Base model parameters 
were altered by including the effects of body weight on 
CL and volume (VC and VP); effect of BMI on Vmax and 
s.c. bioavailability (FSC); effect of age on ka and Q; effect of 
ADA on CL and FSC; and effect of the presence of statin(s) 
on Vmax. Additional covariates included in the model in-
cluded the effect of single- dose studies on bioavailabil-
ity; and a mixture model that described unexplained and 
abrupt decreases of bioavailability approaching zero, pos-
sibly related to noncompliance.

F (mixnum, t) is described by a mixture model with 
probabilities of

  

where WT is body weight; ADAT1 is a time- dependent 
ADA titer; BBMI is the baseline BMI; STYPCL is the pres-
ence of statin(s); “single” is single dose; F1 is bioavailabil-
ity; BLDL is the baseline LDL- C; LOWDOSE is the 25 mg 
s.c., 50 mg s.c., or less than or equal to 25 mg i.v. doses; �36 

(5)
dA1
dt

= − ka ∗A1

(6)
dA2
dt

= ka ∗A1 −
(

kel + k12
)

∗A2 + k21 ∗A3 −

[

Vmax∗A2
KM + A2∕VC

]

(7)
dA3
dt

= k12 ∗A2 − k21 ∗A3

(8)

dLDLC

dt
=ksyn−kdegLDLC∗H(C),

H(C)=1 +
Emax×C

�

EC�

50
+C�

LDLC(0) =
ksyn

kdeg

(9)ka = θ1 ∙

(

Age

60

)�12

∙ e�1

(10)CL = �2 ∙
(

WT

75

)�9
∙
(

1 + �20 ∙ e
(�9+ADAT1−10)

)

∙ e�2

(11)VC = �3 ∙
(

WT

75

)�10
∙ e�3

(12)Q = �4 ∙

(

Age

60

)�13

∙ e�4

(13)VP = �5 ∙
(

WT

75

)�11
∙ e�5

(14)Vmax=�6 ∙
(

BBMI

30

)�14
∙�16

STYPCL ∙e�6

(15)KM =�7

(16)

F1=�8 ∙�17
single ∙

(

BBMI

30

)�15
∙
[

1+�21 ∙e
(�10+ADAT1−10)

]−1

∙ [1+F(mixnum, t)]−1 ∙e�7

(17)p1 = 1 − �18, p2 = �18

(18)F(1, t) = 0,F(2, t) =
(

t∕T50
)5

(19)T50 = �19 ∙ e
�8

(20)ksyn=�26 ∙e
�12

(21)kdeg=ksyn∕BLDL

(22)γ=�27

(23)
Emax=�28 ∙�29

STYPCL ∙�30
ASIAN ∙�31

MALE ∙e(�13+�32∗�2)

(24)

EC50 = �33 ∙
(

BLDL
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)�34
∙ �35

LOWDOSE ∙

[

1 +
�36 ∙ t

�37 + t
∙ e�15

]

∙ e�14
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is the maximum fractional increase in EC50 with time; �37 
is the time 50% of this effect is observed; mixnum is the 
NONMEM parameter, mixture number with value of 1 and 
2 for populations 1 and population 2, respectively, and T50 
is the time when bioavailability decreased by a factor of 2 
relative to the bioavailability at time 0.

The log- normal between- subject variability was esti-
mated on all parameters except for Vmax and KM. The resid-
ual error was expressed as a combination of additive and 
proportional terms with different magnitude for phase I, 
II, and III studies, and random effect on the magnitude 
of the residual error. Observations below the LLOQ were 
included using the M3 method.38

The final covariates in the PD model included the ef-
fect of statin(s), sex, Asian race, and η2 on Emax, and effect 
of baseline LDL- C and low dose on EC50. Additionally, ef-
fect of time postdose was identified as a covariate on EC50.

Bococizumab final PK and PK/PD 
parameter estimates

The final PK and PK/PD parameter estimates for bo-
cocizumab are shown in Table  1. The s.c. bioavailabil-
ity (41.1%), linear CL (0.227 L/day), Q (0.335 L/day), Vc 
(2.38 L), and Vp (1.95 L) parameters for bococizumab 
were generally consistent with those expected for mAbs. 
Furthermore, Vmax (2.04 μg/mL/day) and KM (12.5 μg/mL)  
indicated significant nonlinear elimination. In addition, 
ka declined with age; FSC decreased with BMI; CL, Vc, 
and Vp increased with weight; Q decreased with age; the 
single- dose s.c. bioavailability was higher than the typi-
cal population prediction; and Vmax increased with BMI. 
Of note, Vmax was 17.0% higher in participants who were 
administered statins.

The final PD parameters for bococizumab are also 
given in Table  1. The indirect response model with 
stimulation of kdeg well- described the observed data. 
The maximum effect of LDL- C degradation (Emax) 
was higher in participants  co- administered statins, 
higher in male participants and in Asian participants, 
and was also impacted by the random effect on boco-
cizumab clearance. The fit of the model was further 
improved when EC50(t) was allowed to change as a func-
tion of time, from 3.35 μg/mL at time zero to 4.14 μg/mL  
at 1 year. EC50 increased with baseline LDL- C value and 
was lower in participants administered low doses of bo-
cocizumab (<50 mg s.c. or 25 mg i.v.; Table 1).

The presence of ADAs strongly increased CL and de-
creased s.c. bioavailability, with the effects proportional to 
the exponent of the observed ADA titers. It was estimated 
that for 11.5% of participants with ADAs, bioavailability 
abruptly declined to zero or nearly zero. On average, the 

decline was observed 96 days after the start of dosing, but 
the time of onset varied widely. In a post hoc evaluation, 
234 of 3499 (6.7%) participants had this effect observed. 
ADAs and NAbs did not influence LDL- C response beyond 
the effect on bococizumab concentration (data not shown).

The magnitude of the residual errors for both PK and 
PD were lower for the phase I studies than for the phase 
II and III studies. The final PK/PD model goodness- of fit 
plots and VPC confirmed the appropriateness of the final 
model versus other models tested (Figures 2– 5).

DISCUSSION

With an increasing number of antibody- based therapeu-
tics being approved for clinical use, improved understand-
ing of the potential effect of ADAs on the PK and/or PK/
PD of biotherapeutics is important to help elucidate how 
immunogenicity impacts PK and efficacy, as this informa-
tion is not always published alongside data on efficacy.27 
Despite bococizumab being discontinued from clinical 
development in 2016,21 a large database of clinical ob-
servations is available for PK/PD analysis. As such, the 
objective of this modeling effort was to provide a better 
understanding of the PK/PD relationship of bococizumab 
including the onset and offset of LDL- C response, poten-
tial effects of immunogenicity, and of statins. Therefore, 
the results of such an analysis may be informative to other 
biotherapeutics under development, especially if immu-
nogenicity is observed during clinical trials.

The population PK analysis of bococizumab data from 
16 clinical studies indicated that a two- compartment 
model with parallel linear and MM elimination and first- 
order absorption adequately described the observed boco-
cizumab PK data. Whereas the VPC plots indicate a minor 
over- prediction of the median bococizumab drug concen-
trations, this discrepancy is relatively small compared to 
the large intersubject variability observed in the study. 
Additionally, the indirect response model with stimula-
tion of LDL- C degradation, which is consistent with the 
mechanism of action, well describes the time course of 
LDL- C response following bococizumab treatment. Con-
sistent with known effects of statins, bococizumab clear-
ance was increased and the first- order degradation rate for 
LDL- C was also increased. ADAs and NAbs had no direct 
effect on LDL- C response subsequent to the increased ef-
fect of ADAs on bococizumab clearance and decreased s.c. 
bioavailability.

In the current analysis, bococizumab PK disposition 
parameters –  such as absorption rate estimated to be 
0.151 day−1, corresponding to an absorption half- life of 
4.59 days –  were consistent with that reported previously 
for bococizumab using data from phase I and II clinical 
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T A B L E  1  Final population PK/PD parameter estimates.

PK/PD parameter Estimate % RSE 95% CI Variability (CV) Shrinkage (%)

ka (1/day) θ1 0.151 1.73 0.146, 0.156

CL (L/day) θ2 0.227 3.65 0.211, 0.243

VC (L) θ3 2.38 2.08 2.28, 2.47

Q (L/day) θ4 0.335 2.35 0.319, 0.35

VP (L) θ5 1.95 1.84 1.88, 2.02

Vmax (μg/mL/day) θ6 2.04 4.30 1.86, 2.21

KM (μg/mL) θ7 12.5 3.55 11.6, 13.3

FSC θ8 0.411 2.38 0.392, 0.43

CLWT θ9 1.15 5.11 1.04, 1.27

Vc,WT θ10 0.854 5.90 0.755, 0.952

VP,WT θ11 0.510 9.50 0.415, 0.604

ka,AGE θ12 −0.607 5.49 −0.672, −0.541

QAGE θ13 −1.45 3.87 −1.56, −1.34

Vmax,BMI θ14 0.0957 18.7 0.0606, 0.131

FSC,BMI θ15 −0.212 20.2 −0.295, −0.128

Vmax,statin θ16 1.17 2.40 1.12, 1.23

FSC,single- dose θ17 1.43 1.91 1.37, 1.48

Pmixture- 2 θ18 0.115 8.50 0.0956, 0.134

 T50 θ19 96.0 14.5 68.8, 123

CLADA θ20 0.0658 8.66 0.0546, 0.077

FSC,ADA θ21 0.0512 10.2 0.041, 0.0615

σprop θ22 0.265 1.03 0.259, 0.27

σadd (μg/mL) θ23 0.186 1.19 0.182, 0.191

σphase- 1 θ24 0.401 2.45 0.381, 0.42

σphase- 2 θ25 0.532 4.01 0.49, 0.574

�2
KA

Ω11 0.108 5.08 0.0972, 0.119 0.329 31.4

�2
CL

Ω22 0.212 5.90 0.187, 0.237 0.460 38.1

�2
Vc

Ω33 0.190 4.92 0.172, 0.208 0.436 27.7

�2
Q

Ω44 0.0882 13.5 0.0648, 0.112 0.297 63.2

�2
Vp

Ω55 0.0427 8.69 0.0354, 0.05 0.207 57.1

�2
Vmax

Ω66 0.0486 16.0 0.0334, 0.0638 0.220 61.1

�2
Fsc

Ω77 0.0615 7.77 0.0521, 0.0709 0.248 36.0

�2
T50

Ω88 1.41 13.4 1.04, 1.78 1.19 16.8

�2
ADA−CL

Ω99 2.02 7.19 1.74, 2.3 1.42 76.0

�2
ADA−Fsc

Ω10,10 2.74 7.86 2.32, 3.16 1.66 75.2

�2
�

Ω11,11 0.191 2.32 0.182, 0.2 0.437 −0.8

σ2 Σ11 1 Fixed Fixed 1 6.6

ksyn θ26 12.4 1.47 12.1, 12.8

γ θ27 4.78 1.71 4.62, 4.94

Emax θ28 1.27 2.31 1.21, 1.32

Emax,statin θ29 1.68 2.33 1.6, 1.75

Emax,Asian θ30 1.36 3.89 1.26, 1.47

Emax,male θ31 1.36 2.02 1.31, 1.41

Emax,PKETA- CL θ32 0.689 4.6 0.627, 0.751
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studies,13 and with data from the two approved anti- PCSK9 
mAbs alirocumab and evolocumab.22,23 However, the es-
timated s.c. bioavailability for bococizumab (41%) was 
lower than those reported for alirocumab (57%)39 and 
evolocumab (72%).40 For mAbs, the development of ADAs 
and NAbs can potentially impact their PK, with dose and 
duration of therapy.41 In our analysis of bococizumab, 

the presence of ADAs increased bococizumab CL and de-
creased s.c. bioavailability, with the effects proportional to 
the exponent of the observed ADA titers. In 11.5% of pa-
tients, bioavailability abruptly declined to approximately 
zero, with the decline observed ~96 days after dosing ini-
tiation. We accommodated this observation by the imple-
mentation of a mixture model identifying this subset of 

PK/PD parameter Estimate % RSE 95% CI Variability (CV) Shrinkage (%)

EC50 θ33 3.34 0.944 3.28, 3.4

EC50,LDL- baseline θ34 0.413 6.16 0.363, 0.463

EC50,low- dose θ35 0.687 2.76 0.65, 0.724

EC50,max- T θ36 1.92 25.3 0.969, 2.88

EC50,T50- T θ37 2590 28.7 1140, 4040

σLDL,prop θ38 0.0986 1.52 0.0957, 0.102

σLDL,add θ39 9.55 1.19 9.33, 9.78

σLDL,phase- 1 θ40 0.726 2.78 0.686, 0.766

�2
Ksyn

Ω12,12 0.331 3.59 0.308, 0.354 0.575 22.4

�2
Emax

Ω13,13 0.235 3.24 0.22, 0.25 0.485 18.1

�2
EC50

Ω14,14 0.0609 5.91 0.0538, 0.068 0.247 38.8

�2
max−T

Ω15,15 2.33 4.54 2.13, 2.54 1.53 37.1

σLDL,ε Ω16,16 0.219 2.8 0.207, 0.231 0.468 0.4

Σ Σ11 1 Fixed 1 1.4

Abbreviations: CI, confidence interval; CL, clearance; CV, coefficient of variation; EC50, half maximal effective concentration; Emax, maximum effect; PD, 
pharmacodynamic; PK, pharmacokinetic; RSE, relative standard error; Vmax, maximal rate of metabolism.

T A B L E  1  (Continued)

F I G U R E  2  Final PK model goodness- 
of- fit plots. The gray y = x or y = 0 lines 
are included for reference. The bold red 
lines are the LOWESS (local regression 
smoother) trend lines. Bottom right plots 
show cumulative fraction of observations 
(black), individual predictions (green), 
and population predictions (red) below 
the quantification limit. BQL, below 
the quantification limit; CWRES, 
conditional weighted residuals; DV, 
observed bococizumab concentrations; 
IPRED, individual predicted bococizumab 
concentrations; PK, pharmacokinetic; 
PRED, population predicted bococizumab 
concentrations; TAD, time after the most 
recent dose; TIME, time after the first 
dose.
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F I G U R E  3  Final PK/PD model 
goodness- of- fit plots. The gray y = x or 
y = 0 lines are included for reference. 
The bold red lines are the LOWESS 
(local regression smoother) trend lines. 
CWRES, conditional weighted residuals; 
DV, observed LDL- C concentrations; 
IPRED, individual predicted LDL- C 
concentrations; PD, pharmacodynamic; 
PK, pharmacokinetic; PRED, population 
predicted LDL- C concentrations; TAD, 
time after the most recent dose; TIME, 
time after the first dose.

F I G U R E  4  Visual predictive 
check of final PK model: bococizumab 
concentration– time profiles, by ADA titer 
tertile. The lines show median (red), and 
the 10th and 90th percentiles (blue) of the 
observed bococizumab concentrations for 
the four 1- year studies (150 mg q2w). The 
shaded regions show the 80% confidence 
intervals on these quantities obtained by 
simulations. ADA, anti- drug antibody; PK, 
pharmacokinetic; q2w, every 2 weeks.
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individuals. It is speculated this abrupt decline in bioavail-
ability might be consistent with nonadherence to dosing.

Inclusion of the phase III SPIRE clinical trial data al-
lowed modeling of the LDL- C response in the presence and 
absence of statins, as well as for participants who developed 
ADAs and NAbs.42 We observed that co- administration of 
statins increased target- mediated maximum elimination 
rate Vmax of bococizumab by 17%. This is consistent with the 
effect of statins (stimulation of LDL- R and PCSK9 produc-
tion43– 46) and target- mediated elimination of bococizumab 
(via binding to PCSK91,35). Therefore, upregulation of 
PCSK9 could have resulted in LDL- C increase, but the effect 
of upregulating LDL- R exceeded the effect of up- regulation 
of PCSK9, suggesting net enhancement of LDL- C reduction. 
Indeed, an increase in Emax was estimated from the popula-
tion PK/PD model, mediated through kdeg for LDL- C, and 
proportional to PKETA2. The estimated effect of statins on 
bococizumab PK is also consistent with the reported statin 
effects on alirocumab and evolocumab PK.39,40

Bococizumab clinical development was discon-
tinued due in part to unexpected higher incidence of 
ADAs and attenuation of LDL- C efficacy with time.21 
Whereas ADAs were measured in phase II trials in par-
ticipants with hypercholesterolemia,11,12,18 the clinical 
impacts of ADAs on bococizumab exposure and LDL- C 
lowering efficacy were not evident until longer- term 

data from the large phase III studies were available.15 
Although earlier clinical data were not predictive of 
long- term impact of ADAs on PK and efficacy, this 
was partly confounded by (1) a less sensitive and drug- 
tolerant ELISA ADA assay was used to support early 
clinical studies, while a more sensitive and drug- 
tolerant bridging ECL ADA assay was developed during 
phase III clinical development; and (2) the downward 
titration design of the 24- week phase IIb study may 
have further confounded the ability to detect the im-
pact of ADAs and/or NAbs on bococizumab efficacy. 
However, these earlier clinical data did provide a hint 
of potential effect of ADAs on bococizumab efficacy, as 
a small number of participants reported loss of LDL- C 
efficacy across the four phase II studies.11,12,18 As such, 
it is prudent for all biotherapeutic programs to develop 
a fit- for- purpose drug-  and target- tolerant ADA assay at 
the onset of the clinical program to appropriately as-
sess the clinical impact of immunogenicity on PK, PD, 
efficacy, and/or safety. Whereas it may not always be 
feasible to incorporate ADA and/or NAb data in early 
population PK/PD analysis due to the potentially small 
number of ADA- positive participants in the overall PK/
PD dataset, early evaluation of the clinical impact of 
ADAs on PK, PD, efficacy, and safety could potentially 
flag the immunogenicity risk of a biotherapeutic and 

F I G U R E  5  Visual predictive check of 
final PK/PD model. LDL- C concentration 
versus time, by ADA titer tertile. The lines 
show median (red), and the 10th and 
90th percentiles (blue) of the observed 
LDL- C values from the four 1- year studies 
(150 mg q2w). The shaded regions show 
the 80% confidence intervals on these 
quantities obtained by simulations.  
ADA, anti- drug antibody; LDL- C,  
low- density lipoprotein cholesterol; PD, 
pharmacodynamic; PK, pharmacokinetic; 
q2w, every 2 weeks.
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further inform drug development strategy. If immuno-
genicity signals emerge from early clinical program, 
one could potentially stagger phase III studies in order 
to appropriately direct clinical development.

One perceived limitation of the PK/PD model is that 
it is based on a MM approximation of a target- mediated 
drug disposition (TMDD) model. However, as demon-
strated through diagnostic and VPC plots, the MM ap-
proximation of a TMDD model adequately described 
bococizumab and LDL- C concentrations. Additionally, 
there was an apparent increase in EC50 over time, sug-
gesting a decreased efficiency in LDL- C elimination. This 
increased EC50 is consistent with the loss of durability 
reported in the SPIRE trials,15 even in participants who 
were ADA negative. The incorporation of time- dependent 
EC50 captured this apparent LDL- C response and resulted 
in better fit of data. Further, a dose effect on EC50 was im-
plemented in order to provide a better description of the 
observed individual data. It is acknowledged this is rather 
empirical, however, despite considerable efforts, we were 
not successful in incorporating a mechanistic expression 
to account for the observed data. An additional limitation 
of the study is that while a mixture model was imple-
mented to account for the abrupt drop in bococizumab 
exposure, the reason for this observation is unknown. It is 
possible this could be due to treatment noncompliance as 
the rate of injection site reaction was 12.7 per 100 person- 
years in bococizumab- treated participants across the six 
phase III studies.15 Alternatively, this could be due to 
ADAs impacting bococizumab exposure in the subset of 
participants who were ADA positive. Consistent with the 
observed PK data, wide variation in LDL- C response was 
observed in both ADA- positive and ADA- negative partici-
pants in the phase III studies.15

CONCLUSION

A two- compartment model with parallel linear and 
nonlinear elimination, and the MM approximation of a 
TMDD model adequately described the observed boco-
cizumab concentration data and LDL- C reduction. Con-
sistent with the mechanism, co- administration of statins 
increased the maximum effect of bococizumab and the 
magnitude of the increased LDL- C lowering was propor-
tional to the random effect on bococizumab clearance. 
Although the impact of ADAs and NAbs on PK and PD 
was explored, increased bococizumab clearance due to 
ADAs sufficiently described the observed changes in bo-
cocizumab concentration and LDL- C response over time. 
These observations add to the known literature of PCSK9 
inhibitors and enhance the understanding of the influ-
ence of immunogenicity on the PK/PD of mAbs.
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